Oxidative stress is a pathological condition defined as an imbalance between production and removal of reactive oxygen species. This process causes structural cell damage, disrupts DNA repair and induces mitochondrial dysfunction. Many in vitro studies have used direct bolus application of H 2 O 2 to investigate the role of oxidative stress in cell culture. In this study, using mouse organotypic cerebellar slice cultures, the effects of H 2 O 2 -induced oxidative stress on myelination state were examined, using bolus concentrations of H 2 O 2 (0.1-1 mM) and low-continuous H 2 O 2 (20 lM) generated from glucose oxidase and catalase (GOX-CAT). Using these models, the potential therapeutic effects of pFTY720, an oral therapy used in multiple sclerosis, was also examined. We found bolus treatment of H 2 O 2 (0.5 mM) and, for the first time, low-continuous H 2 O 2 (GOX-CAT) to induce demyelination in organotypic slices. Both bolus H 2 O 2 and GOX-CAT treatments significantly decreased vimentin expression in these slice cultures as well as increased cell death in isolated astrocyte cultures. Importantly, pre-treatment with pFTY720 significantly attenuated both bolus H 2 O 2 and GOX-CAT-induced demyelination and the GOX-CAT-induced decrease in vimentin in cerebellar slices, without altering levels of the proinflammatory cytokines such as IL-6 and CX3CL1. We also observed increased SMI-32 immunoreactivity in the white matter tract induced by GOX-CAT indicating axonal damage, which was remarkably attenuated by pFTY720. Taken together, this data establishes a novel GOX-CAT model of demyelination and demonstrates that pFTY720 can act independently of inflammatory cytokines to attenuate decreases in vimentin, as well as axonal damage and demyelination induced by oxidative stress.
Oliveira, Bettencourt-Relvas, & Rego, 2007) . High concentrations of iron, polyunsaturated fatty acids combined with low levels of glutathione make oligodendrocytes an ideal target for oxidative stress (Gruber et al., 2015) . In oligodendrocytes, H 2 O 2 is normally removed efficiently from surroundings with an increased ability to detoxify H 2 O 2 as the cells mature (Dringen, Pawlowski, & Hirrlinger, 2005) . In mature oligodendrocytes, uncontrolled levels of H 2 O 2 can induce cell death, in part, by the phosphorylation of ERK and a decrease in p38 MAPK signalling (Lee & Won, 2014) . Increases in ROS production have also been shown to affect the expression of genes expressing myelin in oligodendrocytes (Gruber et al., 2015) . Some in vitro studies demonstrate that non-lethal oxidative stress can also induce a reversible shortening of oligodendrocyte cell processes (Fernandez-Gamba et al., 2012) . These studies highlight the susceptibility of oligodendrocytes to oxidative stress, which contributes to many diseases including amyotrophic lateral sclerosis (ALS) (Carri, Valle, Bozzo, & Cozzolino, 2015) , Alzheimer's disease (AD) (Milton, 2004; Wang et al., 2014) , multiple sclerosis (MS) (Aydin et al., 2014; Lee, Gold, & Linker, 2012) and even schizophrenia (Do, Cuenod, & Hensch, 2015; Filiou, Teplytska, Otte, Zimmer, & Turck, 2012) .
Sphingosine 1-phosphate receptors (S1PR) are a family of Gprotein coupled receptors composed of subtypes S1PR1-5 (Dev et al., 2008) . These receptors are the drug targets of the first oral therapy used in relapsing-remitting multiple sclerosis, namely fingolimod, of which the principle active molecule is the phosphorylated version of FTY720 (pFTY720) (Dev et al., 2008) . S1PRs are expressed in neurons and glia and have been shown to regulate a range of cellular functions, including neuronal survival, astrocyte migration, microglia activation state and oligodendrocyte-mediated myelination (Brinkmann et al., 2002; Dev et al., 2008) . We have demonstrated previously that S1PR compounds, such as pFTY720, attenuate demyelination induced by a range of toxins and inflammatory insults, such as LPC (Sheridan & Dev, 2012) , psychosine (O'Sullivan & Dev, 2015; O'Sullivan, Schubart, Mir, & Dev, 2016) and MOG-reactive splenocytes (Pritchard, Mir, & Dev, 2014) .
Here, we aimed to develop a new model of H 2 O 2 -induced demyelination through the use of organotypic cerebellar slice cultures. Our objective was to assess the effects of pFTY720 on myelin-related proteins within a multi-cellular environment that maintains physiological cell-cell connections. In this study, we firstly induced demyelination in organotypic cerebellar slice cultures by bolus application of H 2 O 2 and then, for the first time, developed a new model of H 2 O 2 -based demyelination using a glucose oxidase and catalase system (GOX-CAT system). We also describe, herein, the protective effects of pFTY720 in both of these demyelinating models.
| MATERIALS A ND METHODS

| Compounds and treatments
Pure active (S)-enantiomer of pFTY720 (2-amino-2-(2-(4-octylphemyl) ethyl)propane-1,3-dioll) was prepared as 10 mM stock solutions dissolved in 90% DMSO and 20 mM HCL. Amplex Red was obtained from Biosciences (A12222). Hydrogen peroxide (H 2 O 2 ; Sigma, SigmaAldrich, UK, 216763) was prepared fresh for every experiment by diluting appropriately in serum free media. Glucose oxidase solution (GOX; Sigma, G0543) was supplied at a concentration of 200U/mg, where 1 unit of enzyme activity oxidises 1 lM of D-glucose/min to H 2 O 2 . GOX was used at a fixed concentration of 0.1 units/ml (i.e., 1:100,000 dilution) throughout all experiments. Catalase solution (CAT; Sigma, C3155) was supplied at a concentration of 30,000 U/mg, where 1 unit of enzyme activity decomposes 1 lM of H 2 O 2 /min to H 2 O. CAT was used at varying concentrations from 0.03 units/ml (i.e., 1:1,000,000 dilution) to 300 units/ml (i.e., 1:100 dilution) as indicated in the figure legends.
| Human and mouse astrocyte cultures
Human astrocytes from fetal brains were purchased from ScienCell Research Laboratory, USA (ScienCell, 1800, Lot No. 9063 and 11065) as per the ethics outlined by the supplier and as we have described previously (Elain, Jeanneau, Rutkowska, Mir, & Dev, 2014; Healy et al., 2013; O'Sullivan & Dev, 2015; O'Sullivan et al., 2016; Rutkowska, Preuss, Gessier, Sailer, & Dev, 2015) . Human astrocytes were grown in Dulbecco's Modified Eagle's Medium/F12 (DMEM/F12, Fisher, 10770245), with 10% Fetal Bovine serum (FBS, Labtech, USA; FB-1090) and 1% penicillin/streptomycin (pen/strep, Sigma, P4333) (cDMEM/F12), supplemented with 1% astrocyte growth supplement (ScienCell; 1852) . Mixed glial cultures were prepared from cortical tissue of either male or female one day old wild type C57BL/6 mice. Animals were decapitated, skull removed and the cortical tissue was detached from both hemispheres with forceps. The cortical tissue was cross-chopped with a scalpel, placed in pre-warmed cDMEM/F12 and gently triturated until a clear solution was obtained. The resulting solution was passed through a cell strainer (40 lm). The tubes were centrifuged at 1,200g for 3 min at room temperature and the cell pellet was re-suspended in cDMEM/F12 and cultured in T75 flasks. Human and mouse astrocytes were cultured at 378C and 5% CO 2 in a humidified incubator. After 12 days in culture, microglial cells were separated from mouse astrocytes by placing them on a rotating shaker for 2 hr at 378C. The supernatant, with detached microglia, was removed and purified astrocytes were trypsinised and plated accordingly. Mouse astrocyte purity was >98% as previously described (Healy et al., 2013) .
| Mouse organotypic cerebellar slice culture
Cerebellar slice cultures were prepared as described previously (O'Sullivan & Dev, 2015; O'Sullivan et al., 2016; Pritchard et al., 2014; Sheridan & Dev, 2012 ) using brain tissue isolated from both male and female postnatal day 10 C57BL/6 mice, according to the protocol reported earlier (Sheridan & Dev, 2012) . Mice were decapitated; cerebellar tissue was removed from the skull and separated from hindbrain on ice. The cerebellum was cut into 400 lm parasagittal slices using a McIlwain tissue chopper. Slices were separated in to individual slices under a dissection microscope. Four slices were grown on each cell culture insert (Millicell, USA, PICMORG50). Slices were cultured in media containing 50% Opti-MEM (Invitrogen, USA, 11058021), 25% Hanks' buffered salt solution (HBSS, Invitrogen, 14025-050) , 25% heat inactivated horse serum (Biosera, HO-290) supplemented with 2 mM Glutamax (Invitrogen, 35050-038), 28 mM D-Glucose (Sigma, G8769), 1% pen/strep, 10 mM HEPES (Sigma, H3784) for 12-14 days in vitro. Slices cultures were grown at 35.58C and 5% CO 2 in a humidified incubator. Slices were starved in serum free media for 4 hr prior to all treatments. An illustration showing the architecture of these cerebellar slices is shown in the supplemental data (Supporting Information Figure 1 ).
| Enzyme-linked immunosorbent assay (ELISA)
Cytokine levels in slices and cell culture supernatant were measured with R&D systems human IL-6 (DY206), mouse IL-6 (DY406), mouse CX3CL1/fractalkine (DY472), mouse CXCL5/LIX (DY443) and mouse TNFa (DY410) ELISA kits according to the manufacturer's instructions.
Briefly, 96 well ELISA plates (Thermo Scientific, UK; 95029780) were coated overnight with capture antibodies. The plates were washed three times with wash buffer (0.05% Tween20 in PBS, pH 7.4) and blocked for 1 hr at room temperature with appropriate reagent diluent.
Plates were then washed three times with wash buffer and any remaining buffer was removed from the wells by inverting and blotting plate on tissue paper. A standard curve was prepared using serial dilutions of the recombinant protein diluted in the appropriate reagent diluent. The samples and standards were then incubated in the antibody coated ELISA plate for 2 hr at room temperature. The plate was then washed three times with wash buffer and detection antibody was added for 2 hr. Following three more washes, Streptavidin-HRP was added and incubated for 20 min at room temperature, protected from light. Three more washes were carried out and then incubated with substrate solution (R&D Systems; DY999) for 15 min at room temperature protected from light. The colour reaction was stopped with the addition of 1M H 2 SO 4 and absorbance was read immediately using a plate reader at 450 nm and 570 nm (Labsystem Multiskan, USA). The standard curve was calculated by plotting the standards against the absorbance values and the cytokine levels were measured in pg/ml.
| MTT assay
Human or mouse astrocytes were seeded at a density of 15,000 cells/ well in 96-well plates and cultured for at least 24 hr until 70% confluent. Cells were starved for 3 hr and treated for 18 hr with H 2 O 2 or GOX-CAT enzymes with or without pFTY720 at various concentrations indicated in the figure legends. After the treatments, media with the compounds were removed and replaced with 100 ll of fresh serum free media supplemented with 10 ll of 12 mM MTT (Invitrogen, M6494) and incubated for 3 hr at 378C. Next, 75 ll of media was removed and 50 ll of DMSO was added per well for 10 min and incubated at 378C. The samples were mixed and absorbance was read at 540 nm.
| Amplex red assay
The production of H 2 O 2 in cell culture media was measured through the Amplex Red® assay. In the presence of H 2 O 2 , horseradish peroxidise (HRP) catalyses the conversion of amplex red (10-acetyl-3,7-dihydroxyphenoxazine) Freshly prepared standards (100 ml) were added to a black 96-well plate (Greiner; 655076) in duplicate. Samples were added in triplicate.
Amplex red (50 mM) was mixed with 100 units/ml of HRP and PBS, vortexed quickly and 100 ml was added to each well. The plate was read in a fluorescent plate reader (Molecular devices; SpectraMax Gemini X5) at 378C, shaken for 30secs and read at excitation 550 nm and emission 585 nm, cut-off 570 nm.
| Immunohistochemistry
Immunohistochemistry for organotypic slices was performed by washing the slices twice in PBS followed by fixation in 4% formaldehyde solution (Sigma, F1635) for 10 min. The slices were washed twice in PBS and incubated overnight in blocking buffer (10% BSA and 0.5% Triton-X 100 in PBS). For all antibody dilutions PBS supplemented with 2% BSA and 0.1% Triton-X 100 was used. Slices were incubated for 24 hr at 48C in primary antibody, washed three times with 0.01% Triton-X 100 in PBS and incubated overnight at 48C in secondary antibody. The primary antibodies used were: vimentin (Santa Cruz; sc-373717), Iba1 The oxidant H 2 O 2 can cause cellular damage through the production of free radicals (Halliwell, 1992) . To study the effects of H 2 O 2 on myelination state, organotypic cerebellar slices were prepared from postnatal day 10, C57BL/6J mice and cultured for 12-14 days in vitro. On day 12 the slices were treated with 0.1 mM, 0.5 mM or 1 mM of bolus H 2 O 2 for 18 hr ( Figure 1a) . The slices were then subjected to immunohistochemical analysis using confocal microscopy to quantify the fluorescence levels of myelin basic protein (MBP; as a myelin marker) and neurofilament-H (NFH, as a neuronal marker of both phosphorylated and non-phosphorylated forms of neurofilament H) (Figure 1d In vitro studies have suggested that cortical astrocytes play a protective role in the defence of neurons against oxidative stress (Desagher, Glowinski, & Premont, 1996) . We have also shown this cell-type plays an inflammatory role that is modulated by S1PR's (Elain et al., 2014; O'Sullivan & Dev, 2015; O'Sullivan et al., 2016; Pritchard & Dev, 2014; Sheridan & Dev, 2012) . More recently a subtype of reactive astrocytes, termed A1, has been shown to induce neuronal death and oligodendrocyte damage (Liddelow et al., 2017) . To demonstrate H 2 O 2 -mediated astrocyte cell death and possible protection by pFTY720, we examined these effects in isolated cell cultures. The treatment of dissociated 28.6% 6 0.6%; ***p 5 .0001), which was not significantly reversed by pFTY720 (34.8% 6 8.1%) ( Figure 3b ). In hippocampal organotypic slice cultures and in dissociated hippocampal astrocytes and neurons, astrocytes have been shown to be the most sensitive to H 2 O 2 toxicity (Feeney et al., 2008) . Thus, we also investigated the effects of H 2 O 2 on astrocytes in cerebellar slice cultures using vimentin as an astrocyte marker (Heimfarth et al., 2013) . A modest decrease in vimentin fluorescence was evident when cerebellar slices were treated with 0.1 mM H 2 O 2 , however this was not significantly different from control (control; 100% vs. 0.1 mM H 2 O 2 ; 82.9% 6 16.9%) (Figure 3c ). At higher H 2 O 2 concentrations of 0.5 mM (57.5% 6 13.3%: *p 5 .014) and 1 mM (36.6% 6 1.9% **p 5 .0026, Student's t test, n 5 5) we observed a significant decrease in vimentin fluorescence (Figure 3c ). We next examined the effects of pFTY720 on 0.5 mM H 2 O 2 -induced reduction in the levels of vimentin, in cerebellar slice cultures and observed that pre-treatment with 1 nM pFTY720 partly reduced the H 2 O 2 -mediated decrease in vimentin fluorescence (87.7% 6 11.2%; p 5 .0651) compared with 0.5 mM H 2 O 2 treatment alone (63.9% 6 9.7%, one-way ANOVA, n 5 4). We note, however these effects were not statistically significant (Figure 3d ).
| GOX-CAT-induced demyelination in cerebellar slice cultures
The generation of H 2 O 2 using the enzymatic system of glucose oxidase (GOX) and catalase (CAT) allows for low, continuous production of H 2 O 2 in cell culture for up to 24 hr leading to a state of oxidative stress (Mueller, Millonig, & Waite, 2009 (Millonig et al., 2012; Pathipati, Muller, Jiang, & Ferriero, 2013) . Using this GOX-CAT system, generation of H 2 O 2 can be controlled by maintaining glucose oxidase constant at a dilution of 1:100,000 and varying the dilution of CAT. Using GOX (1:100,000 dilution) and CAT (1:500,000 dilution) we quantitatively determined 3.6; 1:50,000 CAT 31.7 6 3.5, *p 5 .042; 1:100,000 CAT 29.27 6 4.3, *p 5 .0266; 1:500,000 CAT 25.4 6 4.3, **p 5 .0094; 1:1,000,000
CAT 20.2 6 6.8, **p 5 .0096, Student's t test, n 5 4). In contrast to changes in the levels of MBP, we observed no concentration dependent effect of GOX-CAT treatment on NFH fluorescence (except at a CAT dilution of 1:1,000,000; *p 5 .0135) (Figure 4c (ii)).
Overall the data are suggestive of the idea that oligodendrocytes exhibit a high degree of vulnerability to the effects of low continuous H 2 O 2 production.
| pFTY720 prevents GOX-CAT-induced demyelination in cerebellar slice cultures
We have previously shown that pFTY720 and a specific S1PR5
compound increases the number of mature oligodendrocytes in vitro (Mattes et al. 2010) . In addition, as demonstrated above, we show that the bolus H 2 O 2 -induced decrease in MBP expression is attenuated by pre-treatment with pFTY720. To further these findings, we next investigated the effects of pFTY720 on demyelination induced by GOX-CAT treatment. As before, GOX-CAT treatment (using a 1:500,000 CAT dilution) significantly reduced MBP protein levels as determined by western blotting (Figure 5b ) and fluorescence (70.8% 6 4.6%, ### p < .0001, Student's t test, n 5 6) compared with untreated control (Figure 5a,c) , without decreasing the expression of NFH (Figure 5d ). Importantly, pre-treatment with 1 nM pFTY720 significantly attenuated this GOX-CAT-induced (1:100,000 dilution) and CAT (1:500,000 dilution) liberated H 2 O 2 was measured in serum free slice media using amplex red and measured after 18 hr. Graph shows quantitative H 2 O 2 measurement where approx. 20 lM H 2 O 2 is generated in serum free slice media compared with approx. 350 nM when cultured with four cerebellar slices. All experiments carried out contained 4 slices per insert; n 5 3. (c) Organotypic cerebellar slices were serum starved for 4 hr prior to addition of GOX and CAT. GOX (1:100,000 dilution) was maintained constant while the CAT dilution was varied as indicated on graph. Quantification of confocal images showed a significant decrease in MBP fluorescence at CAT dilutions of 1:1,000,000, 1:500,000, 1:100,000 and 1:50,000 and a significant decrease in NFH fluorescence at a CAT dilution of 1:1,000,000. (66.1% 6 8.4% vs. 130.9% 6 22.47%, *p < .0227, one-way ANOVA, n 5 5) ( Figure 6 ). We note at this point, however, our data (showing changes in fluorescence levels or protein levels of MBP and/or MOG) do not distinguish between reduced cellular expression of these markers, and/or a change in oligodendrocyte cell number or cell viability. Nevertheless, taken together, this data strongly suggests that pFTY720 can limit demyelination caused by low levels of continuous H 2 O 2 treatment (as generated by GOX-CAT treatment), as well as by higher concentrations of acute H 2 O 2 (during bolus treatments).
| pFTY720 attenuates GOX-CAT-induced vimentin decrease in cerebellar slices
Cells that consume oxygen continuously generate H 2 O 2 , and is thought to be formed in higher quantities compared with other peroxides (Dringen et al., 2005) . Astrocytes are known to play a role in the detoxification of H 2 O 2 , with catalase thought to be the main hydrogen peroxidase (Desagher et al., 1996) . To date, many studies investigating the effects of bolus H 2 O 2 on glial cells have been conducted using dissociated glial cell cultures (Ito, Nagayasu, Ogawa, Okihara, & Michikawa, 2015) , although only a limited number have used GOX-CAT. No studies, to our knowledge, have yet been reported for astrocytes using GOX-CAT, therefore we next examined the effects of low-continuous 52.8% 6 5.1%) (Figure 7a ), which was not rescued by pFTY720
(55.9% 6 5.7%) (Figure 7b ), similar to data shown for bolus H 2 O 2 (Figure 3a,b) . Using organotypic cerebellar slice cultures, however, we observed a significant concentration dependent decrease in vimentin fluorescence at a CAT dilution of 1:1,000,000 and 1:500,000 (control; 100% vs. 1:500,000 CAT; 60.8% 6 11.8%, *p 5 .0341) and 1:1,000,000
CAT (53.2% 6 15.4%, *p < .0213, n 5 4) (Figure 7c ), that was significantly attenuated with 1 nM FTY720 treatment (66.9% 6 5.9% vs.
90.4% 6 8.1%, one-way ANOVA with Tukey's post-hoc test *p < .05, n 5 6) (Figure 7d) . Similarly, western blot data showed that protein levels of vimentin also decreased with GOX-CAT and were rescued with pFTY720 treatment (Figure 7e ). We note our slice culture data reflecting changes in levels of vimentin may be due to either reduced cellular expression of vimentin and/or changes in astrocyte cell numbers or cell viability. While not able to distinguish between these two possibilities, this data nevertheless suggests that pFTY720 might reduce astrocyte reactivity in slice cultures at low concentrations of H 2 O 2 (as generated when using GOX-CAT), but not in isolated cell cultures or at higher concentrations of H 2 O 2 (when using bolus H 2 O 2 treatments).
| pFTY720 attenuates levels of GOX-CAT-induced levels of SMI-32
Neurofilament H is a structural cytoskeletal protein specific to neurons (Rudrabhatla, 2014) . Previous studies have shown that nonphosphorylated NFH, which can be identified with SMI-32 immunostaining, is primarily expressed in the purkinje cell bodies, with minimal immunoreactivity within the axons (Milosevic & Zecevic, 1998) .
Increases in the levels of SMI-32 in axons have also been associated with disturbances in axonal transport and neuronal damage in multiple sclerosis (MS) (Schirmer, Antel, Bruck, & Stadelmann, 2011 ).
Given our results, which show no significant difference in total NFH FIG URE 6 GOX-CAT-induced reduction in MOG expression is attenuated with pFTY720. Organotypic cerebellar slices were serum starved for 4 hr prior to pre-treatment with pFTY720 (1 nM) for 1 hr. The GOX (1:100,000) and CAT (1:500,000) enzymes were then added for 18 hr. staining (Figures 4-6 ), we further investigated the effects of GOX-CAT induced oxidative stress on the levels of SMI-32 within these slice cultures. While we note that there was no overall change in SMI-32 fluorescence levels between conditions (Figure 8a ), we report that GOX-CAT treatment increased the levels of SMI-32 fluorescence along the major white matter tracts (axons) both as an increment in the fluorescence intensity levels (143.4% 6 12.3%, oneway ANOVA with Tukey's post-hoc test, ## p < .01, n 5 5) and in the surface area along the axon (347.3% 6 159.6%, one-way ANOVA with Tukey's post-hoc test, ### p < .0001, n 5 8) (Figure 8b,c) . Importantly, pre-treatment with FTY720 significantly attenuated this increase in SMI-32 fluorescence intensity (105.8% 6 12.3%, nonsignificant vs. control) and surface area expression (163.1% 6 65.29%, non-significant vs. control) (Figure 8b,c) . These results show for the first time that GOX-CAT induced oxidative stress, increases SMI-32 staining within the axons of the major white matter tracts in the cerebellum, indicating axonal damage. Importantly, this axonal damage is attenuated by treatment with pFTY720.
| pFTY720 attenuates GOX-CAT-induced demyelination independent of changes in microglial morphology
Next we examined the effects of GOX-CAT and pFTY720 on microglia.
Firstly, we investigated alterations in the levels of the microglia marker, Ionised calcium binding adapter molecule 1 (Iba1), although we note that Iba1 is not a specific marker of altered microglia reactivity. In these experiments, no significant changes in expression of Iba1 were observed with any of the treatments used (Figure 9a ). While we note there is currently a debate regarding the terminology of resting and activated microglia, the functional characterisations of these cells suggest when in a resting state they possess short, fine processes and are ramified. Activated microglia are spherical in shape, lack processes and are referred to as amoeboid microglia or 'macrophage like' (Boche, Perry, & Nicoll, 2013) . Therefore, in our attempt to quantify any morphological changes in Iba1 expressing microglial cells, which may indicate a microglial response to treatment, we prepared high resolution zstack images of cerebellar slices stained with Iba1. Using Imaris software we calculated the total volume of Iba1 staining between conditions. With this analysis we observe a significant increase in the mean volume of Iba1 staining when slices were treated with GOX-CAT (217.7% 6 24.6%; **p < .0087) in comparison with control. We also note that pFTY720 alone (121.9% 6 26.5%) had no significant effect on Iba1 volume and addition of pFTY720 to slices prior to GOX-CAT treatment (179.8% 6 55.8%) did not significantly reduce microglial volume compared with GOX-CAT treatment alone (Figure 9b ). Even though we saw pFTY720 pre-treatment did not revert microglia back to their control 'ramified' state with GOX-CAT treatment, pFTY720 may be reducing harmful soluble factors released by microglia or altering its surface receptor profile. We therefore investigated the levels of cytokines in these conditions next.
| Cytokine profile in H 2 O 2 treated cerebellar slices and astrocytes
We have previously reported that pFTY720 protects against LPC- (Sheridan & Dev, 2012 ), psychosine-(O'Sullivan & Dev, 2015 and splenocyte-induced (Pritchard et al., 2014) demyelination. In these studies, pFTY720 appears to attenuate LPC-induced levels of proinflammatory cytokines, such as LIX, MIP1a, MIP3a, which may in part explain its protective effect on demyelination induced by this toxin (Sheridan & Dev, 2012) . In contrast, previous studies in our lab have shown that psychosine-induced demyelination and protection by pFTY720 is not associated with altered levels of pro-inflammatory cytokines such as IL-6, TNFa or IL-1b, and occurs independently of microglia cell response. These studies suggest that pFTY720 may therefore have also the ability to provide protection independent of the inflammatory response (O'Sullivan & Dev, 2015) . Here, we further investigated whether pFTY720 attenuates H 2 O 2 -induced demyelination by dampening inflammatory response. Using organotypic cerebellar slices we first examined the effects of GOX-CAT in the presence or absence of pFTY720 on the expression levels of the proinflammatory marker IL-6. Treatment with GOX-CAT caused a biphasic concentration-dependent increase in the levels of IL-6, which was significant at CAT dilutions of 1:1,000 (Control 43.9 pg/ml 6 6.3 pg/ml vs. 383.6 pg/ml 6 66.33 pg/ml; ***p < .0001), 1:500,000 (232.2 pg/ml 6 76.7 pg/ml; *p 5 .0242) and 1:1,000,000 (586.0 pg/ ml 6 88.1 pg/ml; ***P < .0001) (Figure 10a ), while bolus H 2 O 2 treatment showed no significant change in levels of IL-6 (Figure 10b ). Furthermore, in our hands, H 2 O 2 did not increase the levels of IL-6 in either isolated mouse or human astrocytes, using either bolus H 2 O 2 or GOX-CAT derived H 2 O 2 (Figure 10c) . Moreover, the effects of bolus H 2 O 2 or GOX-CAT treatments on levels of IL-6 in organotypic cerebellar slices were not significantly altered by pFTY720 ( Figure   10b ). Levels of the chemokine LIX/CXCL5 were also analyzed and were found to be higher in control conditions (878.0 pg/ml 6 84.4 pg/ml) and decreased in a concentration dependent manner, with a CAT dilution of 1:500,000 (213.0 pg/ml 6 97.2 pg/ml) significantly lower than control (Figure 10d) . In contrast to GOX-CAT, bolus H 2 O 2 did not cause a reduction in LIX levels (Figure 10e ). Similar to IL-6, results for another pro-inflammatory chemokine, namely, fractalkine showed that GOX-CAT increased levels of fractalkine, which were not regulated by pFTY720 (control 84.8 pg/ml 6 16.4 pg/ml vs. GOX-CAT 389.3 pg/ml 6 45.8 pg/ml; ***p < .0001) (Figure 10f ). We also examined the levels of TNFa and noted that this cytokine was not detected in any of the above treatment conditions (data not shown). Interestingly, a study using isolated mouse microglia cultures has reported microglia release IL-6 and TNFa at low concentrations of continuous H 2 O 2 (GOX 1:100,000:CAT 1:5,000) but not in response to higher levels (1:20,000 and 1:80,000 CAT dilution) with cell death reported at 1:80,000 CAT dilution (Pathipati et al., 2013) . While IL-6, LIX, TNFa and fractalkine represent some of the more archetypical chemokines and cytokines, we note our data do not exclude that other atypical factors that may be changing. These results, however, echo our previous studies demonstrating the effects of pFTY720 and psychosine on the levels of IL6 (O'Sullivan & Dev, 2015) and is suggestive that pFTY720
can rescue demyelination that, in particular experimental conditions, can be independent of changes in the pro-inflammatory response.
FIG URE 9 pFTY720 attenuates GOX-CAT-induced demyelination independent of changes in microglial morphology. Organotypic cerebellar slices were pre-treated with pFTY720 for 1 hr prior to addition of GOX-CAT (1:100,000-1:500,000) enzymes. (a) Representative confocal images and quantification showed no change in microglial Iba1 fluorescence with GOX-CAT treatments. 2D Confocal images taken at 103 magnification. Scale bar, 100 lm. (b) Representative confocal images and quantification showed a significant increase in Iba1 volume in GOX-CAT treated slices compared with control, which was not attenuated by pFTY720. Images obtained using confocal z-stacks at 203 magnification. Scale bar 25 lm. Data are expressed as mean 6 SEM, Student's t test, **p < .01 and one-way ANOVA with Tukey's post-hoc test (n 5 3-5). [Color figure can be viewed at wileyonlinelibrary.com]
| DISCUSSION
The excessive generation of ROS, such as H 2 O 2 , is thought to be commonly associated with neurodegenerative conditions, for example, Alzheimer's disease (Milton, 2004; Wang et al., 2014) , multiple sclerosis (MS) (Aydin et al., 2014; Lee, Gold, et al., 2012) and post-ischemic injuries (Gruber et al., 2015) . This accumulation of H 2 O 2 leads to free radicals and in the case of iron-rich oligodendrocytes, causes extensive cell damage (Gruber et al., 2015) . In this study we investigated the effects of short acting, bolus concentrations of H 2 O 2 on myelination in cerebellar organotypic slice cultures, and for the first time also report the effects of low-continuous concentrations of H 2 O 2 liberated by a GOX-
CAT system. We demonstrate that GOX-CAT generates H 2 O 2 at nanomolar concentrations and that both bolus H 2 O 2 and GOX-CAT FIG URE 10 Cytokine profile in H 2 O 2 treated cerebellar slices and astrocytes. Following treatment of cerebellar slices or mouse astrocytes, the conditioned media was analyzed after 18 hr for cytokine expression using ELISAs. (a) GOX-CAT (GOX 1:100,000 and CAT dilution indicated on graph) treatment of cerebellar slices caused a bi-phasic concentration-dependent increase in the levels of IL-6 and a concentration dependent decrease in levels of LIX (d). A significant increase in IL-6 (b), while significant decrease in LIX (e) was observed with GOX-CAT (1:100,000-1:500,000) treatment, which is not altered by 1 nM pFTY720. (c) Human (HA) and mouse astrocytes (MA) were serum starved for 3 hr prior to 18 hr treatment of mouse astrocytes with 0.07 and 0.7 mM bolus H 2 O 2 and human astrocytes with GOX (1:100,000) and CAT (1:20,000 or 1:30,000). No significant changes in levels of IL6 were observed in any of these conditions. Mouse astrocytes treated with LPS (100ng/ml) were used as a positive control. (f) GOX-CAT treated cerebellar slices significantly increased the levels of fractalkine (CX3CL1), which was not attenuated by 1 nM pFTY720. All graphs expressed as mean 6 SEM, Student's t test and one-way ANOVA with Tukey's post-hoc test; A1B n 5 4-7, C n 5 4 D n 5 4, E n 5 6, F n 5 6; ***p < .001, **p < .01, *p < .05. the GOX-CAT system can induce demyelination and subsequent axonal damage in organotypic slice cultures, which can be attenuated with pFTY720 treatment. The findings also suggest these protective effects of pFTY720 may be independent of changes of Iba1 and proinflammatory cytokines, but may involve limiting a decrease in the expression of the astrocyte marker vimentin.
| Using the GOX-CAT system to induce demyelination
To induce oxidative stress in vitro, the amount of radicals in a system can be increased by direct addition of H 2 O 2 or by inhibiting antioxidant defences, for example, using inhibitors of catalase (CAT) (Gille & Joenje, 1992) . High concentrations of H 2 O 2 added directly to the media tend to result in a short term exposure of the initial high concentration (Gille & Joenje, 1992) . This bolus H 2 O 2 treatment has a short half-life, with estimations ranging from only 4 to 10 min exposure in cell culture conditions (Dringen & Hamprecht, 1997; Mueller et al., 2009) . The rate of H 2 O 2 degradation also depends on the cell type, density and antioxidant capabilities (Gille & Joenje, 1992) . In cell culture experiments, bolus concentrations of H 2 O 2 ranging from 50mM to 1 mM have been used extensively to study the harmful effects of H 2 O 2 . However, these high concentrations are in contrast to physiological levels, which have been reported to range from 10 nM to 10mM (Mueller et al., 2009) . In an attempt to establish a more physiologically relevant means of studying oxidative stress, reports have used a glucose oxidase-catalase (GOX-CAT) system. In this system the levels of H 2 O 2 are governed by a ratio of the two enzymes GOX and CAT (Mueller et al., 2009) , which can generate near constant levels of H 2 O 2 for up to 24 hr (Sobotta et al., 2013) . In our study, we utilised the GOX-CAT system to develop a new model of H 2 O 2 -induced demyelination. We found that the enzymatic mixture of GOX and CAT in serum free slice media generated approximately 20 lM H 2 O 2 when there was no other source of potential peroxidises and, as expected, in the presence of cerebellar slices the levels of H 2 O 2 were reduced to approximately 300-400 nM.
Importantly, our results show that the addition of GOX-CAT to cerebellar slices induced a loss of the key components of myelin, namely MBP and MOG, which was attenuated by treatment with pFTY720.
| Axonal damage subsequent to demyelination
In our previous studies we have demonstrated that pFTY720 attenuates demyelination induced by LPC (Sheridan & Dev, 2012) , psychosine (O'Sullivan & Dev, 2015; O'Sullivan et al., 2016) and MOG-reactive splenocytes (Pritchard et al., 2014) , with limited effects on the neuronal marker Neurofilament H (NFH). In these previous studies, we did not investigate specific axonal damage. Thus, in this study, we used the marker SMI-32 to examine axonal damage, which we found to be increased with GOX-CAT treatment, indicating axonal damage. Most importantly, these effects were reduced by treatment with pFTY720, suggesting neuronal protection under these conditions. A question remains if the axonal damage we observed occurs before that is an inside-out model (Tsunoda & Fujinami, 2002) , or subsequent to the demyelination that is outside-in model (Zipp & Aktas, 2006) . Given that we observed no overt loss of axons (as we saw no differences in the levels of NFH) and that oligodendrocytes are a more susceptible target to oxidative damage compared with neurons (Gruber et al., 2015) , we conclude, therefore, that the axonal loss we observed in this study is likely subsequent to demyelination following an outside-in model of degeneration.
| H 2 O 2 -induced astrocyte cell toxicity
In neurons, pFTY720 protects against damage from bolus H 2 O 2 in vitro, through the blockade of astrocyte derived nitric oxide (Colombo et al., 2014) as well as directly decreasing levels of phosphorylated Foxo3a, a transcription factor involved in oxidative stress mediated neuronal cell death (Safarian, Khallaghi, Ahmadiani, & Dargahi, 2014) . In vitro studies on endothelial and granulosa cells have also shown that activation of S1PRs attenuates bolus H 2 O 2 -induced apoptosis (Moriue et al., 2008; Nakahara et al., 2012) . In contrast, the potential therapeutic effects of S1PR modulation, via pFTY720, on astrocyte cell death mediated by 
| pFTY720 attenuates demyelination in a cytokine dependent and independent manner
Studies have shown that pFTY720 attenuates increased levels of proinflammatory cytokines, such as IL-6, IL-1b and IL-17, in experimental autoimmune encephalomyelitis (EAE) (Choi et al., 2011) . In organotypic cerebellar slices, we show that induction of demyelination with MOGreactive splenocytes can be attenuated via pFTY720, which is associated with a reduction in IFNg and IL-6 cytokines (Pritchard et al., 2014) . In addition, others and we observe that pFTY720 protects against demyelination induced by LPC, whereby enhanced levels of cytokines are reduced via S1PR modulation (Miron et al., 2008; Miron, Kuhlmann, & Antel, 2011; Miron et al., 2010; Sheridan & Dev, 2012) .
Of interest, demyelination induced by LPC appears to involve activated microglia, increased ROS, and raised levels of IL-6, TNFa and IL-1b (di Penta et al., 2013) . In addition, it has been reported that pFTY720 can attenuate levels of cytokines in isolated microglial cell cultures stimulated with LPS (Noda, Takeuchi, Mizuno, & Suzumura, 2013 Iba1 were altered by pFTY720. Given that we have shown previously that astrocytes are also capable of releasing pro-inflammatory cytokines such as IL-6 (Elain et al., 2014; Giralt et al., 2013; Pathipati et al., 2013) , we also examined the effects of H 2 O 2 on the levels of IL-6 in isolated astrocytes, with an aim to then examine the effects of pFTY720. In our hands, however, H 2 O 2 did not increase the levels of IL-6 in either isolated mouse or human astrocytes, using either bolus H 2 O 2 or GOX-CAT derived H 2 O 2. In addition to fractalkine and IL-6, we also investigated the levels of TNFa and LIX/CXCL5. Surprisingly, neither bolus H 2 O 2 or GOX-CAT treatments induced TNFa within these slice cultures. High levels of the chemokine LIX are found under control conditions, with pFTY720 having no effect on these levels.
Interestingly, GOX-CAT treatment (but not bolus H 2 O 2 ) caused a concentration dependent decrease in levels of LIX within the slice media.
We note a more comprehensive analysis on cytokine levels through the use of multiplex arrays may help better understand the effects of oxidative stress on cytokine levels.
| S1P receptors as targets for oxidative stress
Much evidence shows that oxidative stress can modulate S1P metabolism, which can ultimately affect the sphingolipid signalling balance between levels of pro-apoptotic ceramide and sphingosine and the pro-survival sphingosine 1-phosphate (S1P) (Neubauer & Pitson, 2013; Pyne & Pyne, 2010) . There is evidence to suggest that oxidative stress causes apoptosis through sphingomyelinase mediated production of ceramide (Barth, Gustafson, & Kuhn, 2012; Hernandez, Discher, Bishopric, & Webster, 2000) . High concentrations of ROS degrades SphK1 thereby reducing its activity (Maceyka, Milstien, & Spiegel, 2007; Pchejetski et al., 2007) . Importantly, mild levels of oxidative stress have been shown to activate SphK1, thereby shifting sphingolipid metabolism in favour of the pro-survival S1P (Van Brocklyn & Williams, 2012) .
Notably, S1P derived from SphK2 has also been shown to have proapoptotic effects (Hagen et al., 2009 ). However, apoptotic effects of SphK2 may be more complicated as evidence suggests SphK2-induced apoptosis can be either direct or receptor mediated (Liu et al., 2003) .
Reports also suggest that exogenous S1P can actively reduce levels of intracellular ROS and attenuate apoptosis in dissociated cells (Pyszko & Strosznajder, 2014) . Support for the anti-apoptotic effects of exogenous S1P have also been shown in PC12 neurons subjected to serum starvation and cortical neurons exposed to amyloid beta (Ab) (Edsall, Pirianov, & Spiegel, 1997) . Interestingly, it appears the pro-survival effects of S1P depend critically on its transient generation. If S1P is prevented from being broken down, for example with a deficit in S1P-lyase, S1P initiates apoptosis (Hagen et al., 2009; van Echten-Deckert, Hagen-Euteneuer, Karaca, & Walter, 2014) . Oxidative stress-induced apoptosis has been reported to be mediated though activation of the JNK signalling pathway, which causes the inhibition of the antiapoptotic protein Bcl-2 and causes the upregulation of pro-apoptotic proteins such as Bax and Bak (Sinha, Das, Pal, & Sil, 2013) . Together with the knowledge that exogenous S1P inhibits JNK (Lee, Cha, et al., 2012 ) and cytochrome-c release from mitochondria, S1PRs are possible targets for regulating oxidative stress-induced apoptosis.
The exact protective mechanism of S1PR modulation on myelination remains unknown. However, studies show following LPC-induced demyelination, pFTY720 increased the number and promoted process extension of oligodendrocyte progenitor cells (OPCs), with the remyelination phase of pFTY720 thought to be mediated through S1PR3 and S1PR5 (Miron et al., 2010) . FTY720 has also been shown to increase the number of phagocytosing microglia, while promoting the secretion of microglial and astrocytic growth factors and attenuating proinflammatory cytokines (Noda et al., 2013) . Functional antagonism of S1PR1 has been shown to play a vital role in FTY720 mediated efficacy in EAE (Choi et al., 2011) . FTY720 has also been shown to exert direct protection of neurons by increasing growth factors such as BDNF (Doi et al., 2013; Fukumoto et al., 2014) . In the past, we have shown that pFTY720 and a S1PR5 selective agonist increase the number of MBP positive mature oligodendrocytes in vitro (Mattes et al., 2010) and that pFTY720 can attenuate LPC-induced (Sheridan & Dev, 2012 ) and splenocyte-induced demyelination (Pritchard & Dev, 2014) in cerebellar slice cultures, in part, by limiting inflammatory cytokine levels. More recently, we have reported that galactosylsphingosine (psychosine)-induced demyelination in cerebellar slice cultures is attenuated by both pFTY720 (O'Sullivan & Dev, 2015) and the S1PR1/5 dual agonist BAF312 (O'Sullivan et al., 2016) , which may involve a direct modulation of neuronal and glial cells.
In conclusion, our previous findings, together with the current date suggest that the GOX-CAT model may be useful in studying the role of O'SULLIVAN ET AL.
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oxidative stress on myelination as well as examine the effects of novel therapies. They also suggest that cell toxicity and protection by pFTY720 are dependent on the cell densities used, as well as the cell culture models. Most importantly, these findings suggest that differing demyelinating agents might regulate levels of cytokines by specific pathway(s), not all of which are sensitive to modulation by S1PRs, and that S1PRs may have capacity to rescue from demyelination in both inflammatory and non-inflammatory dependent models.
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